Abstract: The evaluation of shallow soils water content is very important in many fields, and different hydrological models are widely applied to simulate field-scale water flow and soil water content. The degree of saturation of a shallow soil is a time-varying variable, depending on different weather conditions. In many applications, it is useful to directly correlate the soil degree of saturation to time series of rainfall amount. This paper presents a simplified empirical model, which allows for computation of the soil degree of saturation using readily available climate data on air temperature and rainfall depths. The model is tested with in situ measurements of soil water content collected at three sites in the Emilia Romagna region in northern Italy. The experimental data are compared with the results obtained from the simplified model over an observation period of almost 5 years. The model has been used to generate soil water content time series at different depths and requires a separate calibration for each depth where the degree of saturation is computed. A discussion on the model's calibration is also carried out to clarify the model sensitivity to the different parameters and the choice of input data.
Introduction
The spatial and temporal measurement of the volumetric water content or, alternatively, the degree of saturation (S r ) of shallow soils (up to nearly 0.8 m below the ground level) assumes a basic importance in many fields: in agricultural sciences, for water resources management and control (Marshall et al. 1996; Dingman 2002) ; in environmental sciences and soil chemistry, for the evaluation of soil pollution (Maraqa et al. 1999; Alimi-Ichola and Gaidi 2005; Mantovi et al. 2006) ; in soil sciences, for the study of rainfall-induced shallow landslides (Fredlund and Rahardjo 1993; Tsai et al. 2008) ; and in hydrological science and modeling, where the same hydrograph can be obtained by multiple combinations of state parameters, often making the models ill-defined, and requiring distributed soil water content measurements for model testing (Wooldridge et al. 2003) .
In the case of shallow landslides, in particular, for an appropriate modeling of the triggering mechanism of instability phenomena both at the local (a single slope) and regional scale (order of hundreds of square kilometres), it is useful to directly obtain the soil degree of saturation from rainfall amounts Valentino 2008a, 2008b) . To develop an alert system against shallow rainfall-induced land-slides, there has recently been an increasing demand for simplified models to be implemented in geographical information system (GIS) platforms for real-time territory monitoring Liao et al. 2010) .
To reach this goal, some models allow obtaining the degree of saturation on the basis of atmospheric variables, such as rainfall and temperature, disregarding the soil typology (Granberg et al. 1999) . Other models, which are based on water-balance equations, take into account the soil hydraulic properties. Some of them evaluate the soil moisture, simulating topsoil water balance and taking into account the precipitation, runoff, gravity-driven infiltration, and actual evapotranspiration with a daily step (Pistocchi et al. 2008) .
Further models often take into account different solutions of Richards' equation and are widely applied to simulate field-scale water flow, both on a local and regional scale, to solve problems regarding solute transport (Jacques et al. 2002) or shallow landslides triggering (Iverson 2000; Salciarini et al. 2006) . Some authors developed effective numerical codes to solve water flow equations (Simunek et al. 1998; Baum et al. 2002) . Fully integrated numerical models have been developed, including all the processes necessary for a complete quantification of the water balance and providing three-dimensional spatial patterns of soil moisture (Van der Kwaak and Loague 2001; Bittelli et al. 2010) .
Recently, such models are also used at large scales up to hundreds of metres. It is worth noting that, as was pointed out by Vogel and Ippisch (2008) , an increase of the scale is typically accompanied with an increase of the spatial discretization scale for the numerical solution of the problem. Due to the underlying assumption of local equilibrium between water content and water potential, Vogel and Ippisch (2008) demonstrated that there is an upper limit of spatial discretization above which the solution is expected to be biased. This issue is common to all engineering analyses where discretization plays a key role, due to the numerical interpolation of soil variables by means of the assumed shape function. Furthermore, as stated by the same authors, in cases where the heterogeneities of soil properties are in the size range of the discretization scale or larger, they may dictate a finer resolution.
Moreover, such models usually require a high number of input parameters (soil physical properties, soil hydraulic properties, crop parameters) that are often not available, especially over large areas. The main limit of the available models is in their inadequacy to extend the soil moisture evaluation at a regional scale, on the basis of few soil parameters, which are easily obtained.
In this paper, we present a simplified empirical model that can reconstruct the degree of saturation of the soil at different depths, taking into account only four parameters that are strictly linked to soil physical properties and are easily evaluable ). The model simulates complete, multiple annual cycles using the readily available climate data on air temperature and precipitation as driving variables. A validation procedure is carried out by comparing simulated field site conditions with long-term time series of field measurements of water content in the unsaturated zone in typical soils of the Po River Plain and of the Emilian Apennines (northern Italy).
Experimental data
Field measurements considered in this study have been collected in three different sites in the Emilia Romagna region (northern Italy). The three sample sites were selected to represent different soil properties, in particular with regard to textural aspects. The measurements consisted of air temperature and soil volumetric water content.
At each sample site, air temperature was measured by using a Vaisala HMP155A device, which was located at 2 m with respect to the ground surface. Volumetric water content was acquired at different depths by using time domain reflectometry (TDR) devices. A TDR system was installed at each site (TDR100, Campbell Scientific Inc., Logan, Utah), equipped with a datalogger for automatic data collection (CR10X, Campbell Scientific Inc., Logan, Utah) and 30 cm long probes. The system was multiplexed through a single SDMX50 multiplexer (Campbell Scientific Inc., Logan, Utah). Soil temperature measurements were also performed at each depth by using thermistors to measure soil temperature close to the TDR probes. The TDR waveform analysis, necessary to obtain the relative dielectric permittivity, and subsequently the soil water content, was carried out with the dual-tangent approach (Heimovaara 1994; Wraith and Or 1999) . It is well known that the success of TDR consists in its ability to accurately determine the permittivity of a material from wave propagation, based on the strong dependence of the permittivity of a material on its water content, as demonstrated in the works of Hoekstra and Delaney (1974) , Topp et al. (1980), and Whalley (1993) . With the awareness of the limits of this measurement technique (Schneider and Fratta 2009) , we considered the field acquired data to be reliable. More details about the correction of TDR-based soil water content measurements for conductive soils are reported by Bittelli et al. (2008) .
Sample site of San Pietro Capofiume
In August 2004, the Hydro-Meteo-Climate service of the Regional Agency for Environmental Protection (ARPA) of the Emilia Romagna region installed a TDR system for soil water content measurements at the experimental station of San Pietro Capofiume (Bologna, Italy) (Fig. 1) . A TDR system with seven probes at 0.10, 0.25, 0.45, 0.70, 1.0, 1.35, and 1.8 m was installed. The site is typical of the agricultural area of Po River valley, and the soil surface is covered by natural grass.
The soil characteristics of the sample site, which were derived from the pedological, chemical, and physical analyses of the soil profile, are reported by Tomei et al. (2007) . Briefly, the stratigraphy can be considered as composed of four layers: in the first layer, from the ground level up to a depth of 0.80 m, sandy soil is prevalent; from 0.80 m up to 1.20 m, the soil can be classified as clayey-silt; from 1.20 m up to 1.65 m, the soil is silty with a relatively small percentage of clay; finally, from 1.65 m up to 2.0 m, the soil is prevalently composed of sand. In this study, only four points belonging to the first layer, respectively, at 0.10, 0.25, 0.45, and 0.70 m from ground level, have been considered. Table 1 summarizes the soil characteristics at these four points, which are representative of the first soil layer.
Sample site of Ozzano
The other two soil water content time series came from the site of Ozzano, in the Emilian Apennine. The site is located in the Centonara watershed (44°24′N, 11°28′E), southeast of Bologna, Italy (Fig. 1) . The elevation at the study site is 200 m above sea level (a.s.l.). The geology is a fresh alluvial deposition of the upper Pleistocene, with undifferentiated clay moraine and recent, yellow sand (Farabegoli et al. 1994) . The geological settings of the area create stratigraphic discontinuities (Farabegoli et al. 1994) , potentially facilitating local perched water tables. In the same area, two soil moisture experimental stations were installed in two different sample sites, having very distinct soil properties. The first site, which will be identified as Ozzano-C (Ozzano clay), is characterized by a shallow soil, from ground level down to 0.8 m, with a high percentage of clay, as reported in Table 1 . At the second site, which will be identified as Ozzano-S (Ozzano sand), the shallow soil layer, from ground level down to 0.6 m, is characterized by a prevalent fraction of sand, but also a relatively high fraction of silt is present (Table 1 ). The two sites are also characterized by different vegetation coverage. The area at the Ozzano-C site is covered by a dense natural vegetation (various species of shrubs and herbaceous plants), typical of the natural settings of the Apennine Mountains, resulting in high plant water uptake, with roots that can reach down to 1.5 m depth. The area at the Ozzano-S site is a maize-cultivated area. Detailed information about the experimental sites can be found in Pieri et al. (2007) , Bittelli et al. (2008) , and Pistocchi et al. (2008) .
Field measurements
The experimental measurements consisted of daily volumetric water content (q) at different depths and for a period For the aim of our analysis, the daily effective saturation of the soil (S e ) was calculated on the basis of the measured volumetric water content by using the well-known equation:
where q is the volumetric water content, q r is the residual water content, which is an empirical parameter, while q s is the saturation water content, which represents the maximum volumetric water content. In the present work, for simplicity, q r is assumed equal to zero. Considering the negligible effect of the approximation q r = 0, the degree of saturation (S r ) is considered equal to the effective saturation (S e ). Figure 3 shows the trend of the air temperature measured at the sample site of San Pietro Capofiume, as a function of time, for the same period. The temperatures ranged between a maximum of 35.7°C in summer and a minimum of -3.4°C in winter, and their trend is clearly seasonal. For the San Pietro Capofiume sample site, daily groundwater table depths from the ground level were also available for the period considered, and their trend is reported in Fig. 4 . It is clear that the four points analyzed in this study were above the groundwater table all the time. It is worth noting that the water table in this area is partially controlled by an irrigation channel, whose level is determined by irrigation management, although the experimental area is not irrigated.
Simplified model
It is well known that a certain value of soil moisture is determined by many complex physical mechanisms, such as infiltration, redistribution, evapotranspiration, runoff, and deep percolation. All these mechanisms are deeply influenced by meteorological forcing, such as air temperature, wind speed, air relative humidity, and incident solar radiation, and can be reasonably described in terms of energy balance, taking into account heat fluxes between soil and atmosphere. By affecting water and energy flows between the land surface and the atmosphere, the thermal and hydrological status of the soil is strongly connected with atmospheric variations in several ways. A large number of land surface schemes (LSSs) have been designed to simulate land surface processes in a variety of numerical ways. Such models include all the important processes but might emphasize different ones, depending on their specific goals (Milly 1996; Luo et al. 2003) .
The model, which will be described in the following, may be considered a simplified method aimed at obtaining the degree of saturation on the basis of the soil features and the widely available micrometeorological observations, such as rainfall amount and air temperature. It has been planned to allow a simple and computationally fast evaluation of the degree of saturation, without introducing a large number of parameters.
We suppose that S r could be expressed through the sum of two main contributions, which for simplicity could be thought independent of each other: the first one is a function of air temperature (T) (in°C) as a change in time; the second one, which takes into account infiltration, is function of rainfall depth (h), changing in time as well.
½2
S r ¼ S r ðTÞ þ S r ðhÞ
Given that T and h depend on time, both terms of eq.
[2] are also indirectly dependent on time (t). It is well known that a shallow soil undergoes drying and wetting processes that are determined by changes in complex climate processes. Moreover, rainfalls, and consequently water infiltration, and air temperature are not really independent from each other, but in this simplified model the two contributions are both accounted explicitly. We propose to express the first part of eq.
[2] through an exponential law in which the exponent can be represented by the air temperature, which in turn is a function of time. Such a law allows reproducing the seasonal trend of degree of saturation following the mean temperature fluctuations. It must be considered, indeed, that the effect of air temperature on soil moisture is an indirect effect because air temperature is a key variable in the evapotranspiration process. We can say that, globally, air temperature could be considered a good proxy for seasonal climate processes that affect soil moisture, as suggested by the comparison between field measurements shown in Figs. 2 and 3. Moreover, the air temperature considered in the model is not at a level close to the ground surface, where air temperature can be influenced in turn by soil moisture.
Starting from an initial value of the degree of saturation S r(in) , the exponential law that represents the first term of eq. [2] can be written as follows:
½3
S r ðTÞ ¼ S rðinÞ expðÀjTÞ where the coefficient j (whose dimension is the inverse of a temperature, i.e., in this case°C -1 ) assumes the meaning of a numerical damping, and S r(in) is a calibration parameter linked to the initial state of the soil. It is expected that parameter j should be correlated to the type of soil: in particular, j should assume higher values for sand than for clay or silt, since each soil type is characterized by a specific volumetric heat capacity and thermal conductivity (Farouki 1986; Wu and Nofziger 1999) . Then, it can be supposed that the response, in terms of moisture, to temperature fluctuations is more rapid for sands than for clays. Moreover, it is expected that j should be a constant, characterizing the decrease in the effect given by air temperature with an increase in distance from the soil surface. The value of S r expressed by eq.
[3] represents the daily value of S r without rainfall. Once the value of S r(in) is assumed, S r is updated daily according to the value of the daily temperature T. It has been considered that soil response to air temperature fluctuations is very loose, and the sign of correlation between the two variables can change, depending on climatic conditions. The term given by eq.
[3] predicts a cyclic seasonal increase or decrease of degree of saturation. This cyclic fluctuation is due partly to evaporation, which is responsible for the decrease of S r , and partly to fluctuation of the water table. This seems consistent with experimental evidence: as an example, for one of the investigated sample sites, the fluctuation of the groundwater table depicted in Fig. 4 is in phase with the field measurements of S r in Fig. 2 , and both of them are in phase with the climatic cycle summarized by the variation of temperature (Fig. 3) . Indeed, since the water table reaches the maximum level of about 1.0 m below the ground level, S r of the soil layer down to 0.8 m can be affected only by capillary effects.
For computation, T is calculated as a mean of average daily air temperatures on a previous time period, whose length has been set at 30 days after a procedure of calibration, as will be explained in the following. This choice is partly because, as drying speeds are strongly related at seasonal scale, averaging allows the elimination of fluctuations at shorter time scales, which can introduce unnecessary noise.
Moreover, evaporation from frozen soils is negligible, due to the formation of ice both in the pores and in a thin layer of the top soil, as confirmed by experimental measurements in laboratory soil columns (Caruso and Jommi 2010) and by the analysis of heat fluxes in shallow soils (Kane et al. 2001) . Therefore, at T < 0°C, when reasonably we can have frozen soils close to the soil surface, the rate of drying of the soil can be assumed negligible. For this reason, when the calculated mean air temperature is negative, the model assumes j = 0.
With regard to the second term of eq.
[2], it is well known that S r nH is the water contained in the depth, H, of a soil per unit area of ground (Rodriguez-Iturbe and Porporato 2004), where n is the soil porosity. Our interest is to evaluate the degree of saturation after a rainfall event that can be described in terms of rainfall depth (h). Then, the average increase of S r over the entire soil column of height, H, can be evaluated as follows:
where S 0 is the initial degree of saturation, before the rainfall event, while b*h* is the contribution to the degree of saturation given by rainfall. It could be considered that the total rainfall amount does not completely infiltrate into the soil, prevalently due to runoff. For this reason, in eq.
[4], the portion of infiltrated rainfall, h*, has been considered and is defined as follows:
It is well known that runoff depends strongly on the existing soil moisture at the time of the rainfall event because in dryer conditions a higher amount of soil storage volume is available to be filled before runoff starts (Pistocchi et al. 2008 ). But it is also true that for the kind of soil considered in this study, a constant value of runoff coefficient can be determined (Pistocchi et al. 2008) . On the basis of these considerations, it has been assumed that only a portion of the infiltrated rainfall works in raising the degree of saturation of the soil. This portion of rainfall is expressed by the coefficient b*, which can be reasonably considered as a constant calibration coefficient that includes, for a certain soil and in the same conditions, both runoff and leakage. The evaporation that affects rainfall immediately before infiltration, which can be large when air temperature is relatively high, is disregarded in this term, but it is taken into account indirectly in eq. [3] .
If S r is calculated by considering a time interval equal to 1 day, then h is the daily cumulated rainfall depth. But the most interesting aspect for a direct correlation between the degree of saturation and rainfalls consists of obtaining a dynamic evaluation of S r as a function of time, over a period much longer than 1 day, including at least one season.
Moreover, it could be considered that the quota of the degree of saturation given by a rainfall depth (h), which can be computed through the second term of eq. [4], decreases during time as a consequence of a natural drying process or evapotranspiration. As stated by Saxton and Lenz (1967) , the greater the time lapse between a rainfall event and a given day, the less influence the rain has on the soil moisture content of that day. This reduction of influence can be obtained by a decreasing exponential relation in which the exponent is represented by a numerical parameter. Therefore, by considering eq. [4], S r (h) can be expressed as a modification of the antecedent precipitation index (API) model (Saxton and Lenz 1967) ; then, by expressing explicitly also the dependence on time (t), S r (h) becomes as follows:
In eq.
[6], the numerical coefficient x assumes the meaning of a damping coefficient (whose dimension is the inverse of time, i.e., in this case day -1 ), and t 0 is the starting time interval, i.e., the first day of computation. It is expected that parameter x should be different for each type of soil in relation to soil permeability, since a higher hydraulic conductivity allows a more rapid decrease of accumulated water. On the other hand, it must be considered that the rainfall infiltration mechanism is deeply affected by macroporosity, which may have an opposite effect with respect to the saturated soil permeability. Moreover, it is expected that parameter x should characterize the decrease in water discharge with an increase in distance from the soil surface. In fact, the considered shallow soils are characterized by a relatively high permeability, due to fissures, gaps, and channels, which tend to close with depth and obstruct the rapid transport of surface water to groundwater.
In this way, one obtains the definition of S r as a function variable over time correlated to the amount of rainfall (h) within the time interval (t -t 0 ) (in days).
If instead of representing an instantaneous (or daily) variation of S r we want to obtain a dynamic trend, considering that the variation of S r at each time interval depends on previous rainfalls, the function S r (h) could be rewritten as the sum of a succession of terms corresponding to different time intervals (t -t i ). In other words, the expression of S r (h) can be discretized and finally expressed as a sum of terms including the rainfall depth, h i , over the previous time intervals, u, which correspond to the prior days. In short, under the assumption that porosity and fabric of the soil remain constant with time, eq. [6] results as follows: 
As said before, S r represents the average degree of saturation over a soil column of height H, but after a separate calibration for each depth where the degree of saturation is computed, it can be considered the local value at depth H. Although it has been obtained empirically, eq. [8] allows a rapid and simple evaluation of the degree of saturation of a shallow soil as a function of the rainfall depth and of the air temperature during time.
Results and discussion
The model described in the section "Simplified model" has been applied to the sample sites of San Pietro Capofiume, Ozzano-C, and Ozzano-S to compare the computed results with those obtained from the field measurements.
The soil porosity (n), which has been considered constant in time, assumes the values reported in Table 1 , on the basis of both laboratory analyses on soil samples, collected at different depths in the three sites, and experimental measurement of the maximum volumetric water content q s (Tomei et al. 2007; Polenghi 2009 ). The porosity values are characteristic of the type of soils that are present at each point (Table 1) Parameters j, x, b*, and S r(in) have been determined through a procedure of adjustment so as to get the best fit between the measured values of S r and those calculated from rainfall by using eq. [8] . Moreover, the parameters have been chosen to avoid the prediction of the degree of saturation above 1, which is incorrect from a physical point of view, but possible given the mathematical form of the model.
In particular, parameter b* has been assumed for each depth according to the values reported in Table 2 over the entire period considered, disregarding the intensity of rain and the current degree of saturation of the soil. It must be emphasized that parameter b* is not partitioned between layers because a separate analysis has been carried out for each investigated soil depth. It has been assumed that the portion of infiltrated rainfall that works in raising the degree of saturation for a thick layer is higher than for a thin one, depending on a greater volume of voids that can be filled by water. That is why the deeper the point, the higher the value of b* for the corresponding layer (Table 2) , except for the site Ozzano-S, where the values of b* do not show significant dependence on depth.
For all simulations, to consider the delay of the soil response to the temperature fluctuations, the input daily value of the air temperature has been calculated as a mean of daily temperatures over a period of 30 days. The averaging period of 30 days, which depends on both the latitude and the climate of each site, has been chosen after a procedure of calibration of the model. The effect of a different averaging time period on the model response will be shown in the following section "Sensitivity analysis". The best fitting for field measurements can be obtained for an averaging period of 30 days. When the calculated mean value for 30 days is negative, the model assumes j = 0, as previously said.
Figures 5-8 show the results of calculated values of the degree of saturation, compared with experimental measurements at San Pietro Capofiume site. Modeled and measured values of the degree of saturation are compared in terms of trend in time, in correlation with the amount of rainfall, and in terms of coefficient of determination, for four different points: at a depth of 0.10 m (Fig. 5) , 0.25 m (Fig. 6) , 0.45 m (Fig. 7) , and 0.70 m (Fig. 8) from the ground level.
The parameters of the model are determined through a curve fitting by using the first measurements' cycle, corresponding to one full year, from August 2004 to July 2005 (Figs. 5a, 6a, 7a, and 8a) ; the same parameters, except for S r(in) , are used to predict the degree of saturation in the next two measurements' cycles: the following year, i. Table 2 summarizes the values of the parameters that have been assumed for the model's application to the sample site. Only the parameter S r(in) needed a recalibration before the next cycles.
Figures 5-7 demonstrate the agreement between the values of the degree of saturation obtained through the model and field measurements, with relatively high coefficients of determination for the first three layers analyzed, down to 0.45 m below the ground level, for both calibration and prediction analyses. It is worth noting that, notwithstanding a fair num- ber of assumptions involved in the evaluation of S r , there is a close agreement between the model and experimental measurements. On the contrary, for the point at 0.70 m from ground level, the model seems to be less efficient, achieving a value of the coefficient of determination R 2 = 0.741 only for the calibration analysis (Fig. 8) . This is probably due to the effect of the groundwater fluctuations on the soil moisture dynamics. As said previously, the water table in this area is partially controlled by an irrigation channel; therefore, its depth may change independently from rainfall recharges, affecting the soil moisture at the lower depths. Table 2 also summarizes the results obtained for the four layers after the calibration analysis (set) and the prediction analyses (pre) in terms of the main statistical parameters. Notwithstanding a lack of experimental measurements in the fall of 2005, due to a bad functioning of the field devices, the results referred to the shallow layers up to 0.45 m can be considered satisfactory, with a standard error of the estimate lower than 11.4%.
With regard to the Ozzano-C site, the main results are reported in Figs Table 2 . It can be noticed how the best performance of the model corresponds only to the shallow layer at 0.20 m from ground level, whilst for the deeper layer at 0.80 m the model is much less efficient, achieving very low values of the coefficient of determination (Fig. 10) .
The model has been also applied to the same kind of field data coming from the Ozzano-S sample site. Table 2 summarizes the values of the input parameters that have been assumed for the model's application to this sample site. Figures 11-13 show the results of calculated values of the degree of saturation, compared with experimental measurements, as their trend in time, in correlation with the amount of rainfall, for three different points: at a depth of 0.10 m (Fig. 11) , 0.30 m (Fig. 12) , and 0.60 m (Fig. 13) from the ground level. In particular, the model results of the calibration analysis, considering the period between the 18 February 2005 and the 17 February 2006, for the three depths, are reported in Figs. 11a, 12a, and 13a , respectively. The results Figs. 11b, 12b , and 13b, respectively. To allow the model to reach a certain reliability, the first month of this time series overlaps the last month of the period previously considered. The further prediction analysis, considering the 2 year time interval between December 2007 and December 2009, for the three depths, are reported in Figs. 11c, 12c , and 13c, respectively. Also, in this case, there was a lack of field measurements corresponding to the period between October and November 2007. It is worth noting that, in this case, the agreement between the model results and experimental measurements is reasonable only for the analysis at 0.10 m below ground level (Fig. 11) . For the analyses carried out at 0.30 and 0.60 m, the model appears inefficient, with very low values of the coefficient of determination (Figs. 12 and 13) . The very different performance of the model in the three sample sites and at different depths is prevalently due to the presence of a different kind of vegetation, which also changes during different seasons. In fact, the effect given by the vegetation on the degree of saturation is not taken into account by the proposed model. At the San Pietro Capofiume site, the soil is covered by natural grass, which is kept cut at 10 cm in height; at the Ozzano-C site, the soil is covered by dense natural vegetation (various species of shrubs and herbaceous plants); at the Ozzano-S site, the soil is covered by cultivated maize. It is worth noting that, in this latter case, the drying process, which is evident from the field measurements during summer, is prevalently due to plant water uptake from the maize plants. Plant water uptake depends on many variables such as air temperature, solar radiation, wind velocity, plant species, and roots depth. Such a complex phenomenon cannot be adequately described only by the trend of air temperature and then by a unique set of the model parameters. For this reason, especially during summer, the model is less efficient, and probably a different set of parameters should be chosen for different seasons. The effect of vegetation is also evident by comparing results obtained for a soil covered by grass, such as at San Pietro Capofiume, and those covered by a vegetation characterized by deep roots, such as at Ozzano. On the other hand, even at Ozzano_C and at Ozzano_S, the model seems to be still efficient if applied to the shallow soil layer, up to nearly 0.20 m. Overall, the analyses carried out for all the sample sites reveal that the model seems to be more suitable to reproduce the real trend of the degree of saturation of bare soils not deeper than 0.45 m from ground level and, if any deep rooted vegetation is present, for soils not deeper than 0.20 m.
Sensitivity analysis
To clarify how the numerical parameters of the model have been chosen, it is worthy to discuss the calibration procedure.
The model requires a separate calibration for each point where the degree of saturation is to be computed because soil layers at growing depths are affected in different ways by the weather conditions. Nevertheless, the main parameters seem to have a certain trend with soil depth. A sensitivity analysis on the effect of different parameters on the computed results has been carried out only for the sample site of San Pietro Capofiume, for the first two points at 0.10 and 0.25 m from the ground level. For each analysis, only one parameter has been changed with respect to the data set reported in Table 2. For each parameter, two further values, one higher and one lower than the corresponding value reported in Table 2 , have been considered (bold values in Table 3 ). For each analysis, the value of the coefficient of determination R 2 was also calculated (Table 3) . A further sensitivity analysis regards the time interval considered for the calculation of the average daily air temperatures T(t). Figures 18a and 18b show the results obtained by considering a time interval equal to 1 and 60 days for the points at 0.10 and 0.25 m, respectively. It appears that a time scale equal to 1 day is too short and shows an unrealistic fluctuation of the degree of saturation; on the other hand, a wider time scale of 60 days implies a trend of temperatures that is too smooth. Moreover, as the R 2 value obtained for a time scale equal to 30 days was the highest, this can be considered the optimum period recommended at the latitude of the investigated sample sites. It can be noticed that the further each parameter is from the mean chosen value (Table 2) , the smaller the value of R 2 (Table 3) .
To give some indication about the appropriate values of different parameters of the model, it seems useful to comment about the values reported in Table 2 . By comparing the results obtained, it can be noticed, for example, how the parameter j decreases with depth, as expected, and belongs to a rather narrow range of values, approximately between 0.005 and 0.05, which can be considered to be bounded by a lower and an upper limit. The trend of j values for San Pietro Capofiume site, where the soil was prevalently sandy, seems to form an upper limit, while the trend of j values for Ozzano-S seems to form the lower limit. It is useful to remember that at Ozzano-S, both silt and sand were prevalent. Indeed, the values assumed for parameter j at the site Ozzano-C, where clay was undoubtedly prevalent, are not so far from those assumed for the other two sites. The slight decrease of j with depth allows the model to take into account, in a certain way, the decreasing influence, with depth, of air temperature on the degree of saturation. Table 2 also summarizes the values of parameter x that have been assumed at different depths for the three sample sites. Even in this case, parameter x can be considered slightly decreasing with depth and belonging to a rather narrow range of values, included between two trends, representing a lower and an upper limit. In particular, the lower limit is given by the trend of the values corresponding to a sandy soil (San Pietro Capofiume site), while the upper limit is given by the trend of the values corresponding to a clayey soil (Ozzano-C). The values of parameter x for a mixed soil (Ozzano-S) seem to be between the two limits, even though in this case different evaporation phenomena affected by macroporosity must be considered, as previously said.
With regard to the values of parameter b*, the reason for their increase with depth has been previously explained. A certain correspondence with a particular kind of soil can be also drawn by the trend of the values reported in Table 2 .
Concluding remarks
This paper deals with the in situ measurements of soil water content and the description of a simplified empirical model, which allows one to obtain the degree of saturation of soil as a function of available climate data such as air temperature and rainfall depths.
The field measurements of the soil water content come from three sample sites in Emilia Romagna region, northern Italy. They were compared with the results of the simplified model over an observation period of almost 1 year to obtain a reasonable calibration of the model parameters. Then, the same parameters were used to carry on a prediction analysis for two further time intervals for all sample sites. The model seems to be suitable to simulate complete, multiple annual cycles of field measurements of water content in the unsaturated zone, at different depths with respect to the ground level. In particular, it seems to be more suitable for shallow layers, up to 0.45 m below ground level, than for deeper ones. At two of the three sample sites, the phenomenon of plant water uptake, given by the presence of deeply rooted vegetation such as shrubs or maize, led to the observation that the complex mechanism of evapotranspiration cannot be adequately described through a unique set of the model parameters. For this reason, the model performance, in the proposed formulation, is not suitable for deep soil layers (more than 0.20 m) of vegetated soils.
A discussion on the calibration of the model parameters has been carried out to clarify how the input data have been chosen. In particular, it has been pointed out how the model requires a separate calibration for each point where the degree of saturation is to be computed. An attempt to give some indication about the appropriate values attached to different parameters of the model, according to different kinds of soil and depths, has been also made. The authors are aware that, notwithstanding the promising results, the model proposed requires more tests with experimental data from several sites for further validation and for an effective application on different scales.
